Polyol Dehydrogenase of the Silkworm BY P. FAULKNER Laboratory of In8ect Pathology, Sault Ste Marie, Ontario, Canada (Received 24 June 1957) It is becoming increasingly evident that a number of important metabolic events take place in the haemolymph of insects. Examples of the reactions catalysed by enzymes of insect haemolymph are hydrolysis of carbohydrates, fat and proteins, the oxidation of tyrosine and the decomposition of hydrogen peroxide (see review by Buck, 1953) . Transaminase has also been detected (Bheemeswar & Sreenivasaya, 1952) , as well as a specific phosphatase (Faulkner, 1955) .
Recent studies from this laboratory have indicated that the haemolymph of the silkworm, Bombyx mori L., contains triphosphopyridine nucleotide-linked dehydrogenases which oxidize L-malate and reduce sugar phosphates (Faulkner, 1956a, b) . It has now been found that hydroxyaldehydes and other carbonyl compounds are reduced by the same enzyme preparation and an account of these studies is given here.
MATERIALS AND METHODS
Dialysed silkworm haemolymph. This was obtained from fifth-instar larvae as described previously (Faulkner, 1956a ).
Extras of silkworm t8sue8. These were obtained by grinding the tissue (0.3-1 g.) with 3 ml. of water at 00 in a motor-driven glass homogenizer. The mixture was centrifuged at 10 000 g for 5 min. at 0°and the supernatant was collected. Enzyme activities of the extracts were expressed as units/mg. of protein.
Chemicals. Glycolaldehyde was prepared by the procedure of Powers, Tabakoglu & Sable (1955) , glyoxylic acid according to Weinhouse & Friedmann (1951) and D-and Lglyceraldehyde by the method of Perlin & Brice (1956) . D-Erythrose and D-threose were gifts from Dr A. S. Perlin, and L-erythrulose from Dr N. Yattrie, both of the Prairie Regional Laboratories, Saskatoon. Other chemicals were purchased as follows: pentoses, sugar acids and uronic acids (Pfanstiehl Chemical Co., Waukegan, Ill., U.S.A.); dihydroxyacetone, DL-glyceraldehyde and L-sorbose (Nutritional Biochemicals Corp., Cleveland, Ohio, U.S.A.); glucose 6-and ribose 5-phosphates (Schwarz Laboratories Inc., New York, U.S.A.); reduced triphosphopyridine nucleotide (TPNH) and reduced diphosphopyridine nucleotide (DPNH) (Sigma Chemical Co., St Louis, Mo., U.S.A.); D-galactose, D-mannose (Difco Inc., Detroit, Mich., U.S.A.); and methylglyoxal (Bios Chemical Co., New York, U.S.A.); the remaining chemicals were purchased from Fisher Scientific Co., Toronto, Ontario, Canada.
The sugar acids supplied as lactones were converted into the sodium salts by heating with dil. NaOH. Materials used as test substrates were neutralized by addition of HC1 or NaOH.
Spectrophotometric detrmination of dehydrogena8e. The standard test system used in the assay of dehydrogenase activity contained the following in a final volume of 2-5 ml.: 2-amino-2-hydroxymethylpropane-1:3-diol (tris) buffer, pH 7*5 (18 mM); MgSO4 (4 mM); TPNH (0.1 mm); substrate and enzyme. Cuvettes (1 cm. light path) containing all the components except the substrate were incubated at room temperature (20°) in a Beckman DU spectrophotometer. Optical-density readings were taken at 340 m,u and after a 2 min. equilibration periodthe substrate (final concn. 2 mm) was added and readings were taken every 30 sec. The blank cell used in the assay did not contain substrate or TPNH. Optical density was plotted against time of incubation and the enzyme activity was calculated from the slope of the initial linear portion of the curve. One unit of enzyme was defined as the amount necessary to reduce the optical density by 0-01/min. Incubations did not normally continue more than 5 min. after the addition of substrate and during this period no appreciable heating of the samples was observed.
Protein was determined by the method of Lowry, Rosebrough, Farr & Randall (1951) , and polyhydric alcohols by the method of West & Rapoport (1949) with the modifications reported previously (Faulkner, 1956b) .
EXPERIMENTAL AND RESULTS
Reduction of DL-glyceraldehyde In the presence of DL-glyceraldehyde and buffer (pH 7.5) dialysed silkworm haemolymph catalyses the oxidation of TPNH. The reaction does not occur in the absence of dialysed haemolymph nor when the latter is replaced by heated enzyme, nor does it take place when DPNH is substituted for TPNH. The rate of oxidation of TPNH in the standard test system is proportional to the concentration of enzyme (Fig. 1 ). These observations indicate that a TPN-linked dehydrogenase which reduces DL-glyceraldehyde is present in the haemolymph of the silkworm. The enzyme, which is active in the range pH 4 0-9 5, has no pronounced maximum between these pH limits.
Although magnesium was included in the standard incubation mixture used to study the reduction of DL-glyceraldehyde, an absolute requirement for the cation could not be shown with either dialysed haemolymph or haemolymph that had been fractionated by treatment with ammonium sulphate and calcium phosphate. Sodium ethylenediaminetetra-acetate (10 mM) had no effect on the rate of reduction of DL-glyceraldehyde in the standard test system with dialysed haemolymph.
It is possible to estimate the amount of DLglyceraldehyde that can be reduced in 1 hr. by 1 ml. of silkworm haemolymph containing 30 mg. of protein/ml. The specific activity of the glyceraldehyde-reducing enzyme in whole or dialysed haemolymph is about 1-3 units/mg. of protein. If the value of 6-22 x 106 cm.2/mole is taken for the extinction coefficient of TPNH (Horecker & Kornberg, 1948) Vol. 68
for D-glyceraldehyde is 0-066 mm and for Lglyceraldehyde is 2 7 mm in dialysed haemolymph, as determined by the method of Lineweaver & Burk (1934 (Burton & Kaplan, 1953; Burton, 1955) and Pfeudomona8 8alinaria (Baxter & Gibbons, 1954) with which the reduction of dihydroxyacetone is the faster reaction. Sugar acids, e.g. gluconic and galactonic acids, are not reduced in this system, but the uronic acids, which retain their carbonyl group at the C(1) position, are readily reduced.
In Table 2 the rates of reduction of some C(1)-C(4) carbonyl compounds are compared with that of D-glyceraldehyde. The unsubstituted simple aldehydes and ketones, e.g. formaldehyde and acetone, are not reduced nor are the keto acids, glyoxylic and pyruvic acids. However, the unsaturated aldehyde acrolein, and aldehydes which carry hydroxyl substituents, are reduced.
The dicarbonyl compounds glyoxal, methylglyoxal and dimethyglyoxal are reduced at rates approaching those obtained with an equimolar amount of D-glyceraldehyde. It is interesting that acetylacetone, in which the two carbonyl groups are separated by a -CH2 group, is not reduced.
Identification of end products
Glycerolformation. Sufficient quantities of the product of reduction of DL-glyceraldehyde for analytical purposes were obtained by providing for the continuous formation of TPNH in the incubation mixture. This was achieved by incubating DL-glyceraldehyde in the presence of L-malate and a small quantity of TPN. In this mixture TPN was reduced by the 'malic' enzyme of the haemolymph (Faulkner, 1956a) and the following coupled reaction occurred with the 'aldehyde-reducing' enzyme: L-Malate +TPN+ -+ pyruvate +C02 +TPNH TPNH + DL-glyceraldehyde -*'reduced glyceraldehyde' + TPN+ Two tubes were each filled with the following mixture: tris buffer, pH 7 5, 20 Amoles; MgSO4, 5 iemoles; L-malate, 30jumoles; TPN, 0-25 lmole; DL-glyceraldehyde, 10,umoles; dialysed haemolymph, 05 ml. The total volume was 2-05 ml. The enzyme in one of the tubes was inactivated by heating the contents for 5 min. at 1000. Both tubes were then incubated for 3 hr. at 300. The protein of the second tube was precipitated by heating and both tubes were centrifuged. A volume (1.5 ml.) of each supernatant was treated with 2 ml. of 2:4-dinitrophenylhydrazine (0-1% in 2N-HCI) and the mixture was incubated at 30°for a further 30 min. It was then centrifuged at high speed and the supernatant dried over silica gel in vacuo. The residue was suspended in 0-2 ml. of water and samples (20 pl.) were applied to Whatman no. 1 papers for ascending chromatography. Papers were developed for 18 hr. in the following solvents: (i) n-butanol-acetic acid-water (25:6:25, by vol., upper layer; Woiwod, 1949) ; (ii) n-butanol-ethanolwater (4:1:5, by vol., upper phase; Hackman & Trikojus, 1952) ; and (iii) phenol (80 %, w/v). After development, polyhydric alcohols were detected by spraying the paper with periodate followed by a benzidine reagent (test 1, Cifonelli & Smith, 1954 Incubation medium: tris buffer, pH 7 5, 20 mM; MgSO4, 5 mM; L-malate, 10 mM; TPN, 0-05 mM; DL-glyceraldehyde, 2 mM; dialysed haemolymph, 0-2 ml. Tubes, containing 1 ml., were incubated for the stated time at 300. Glycerol was separated as described in the text and determined by the method of West & Rapoport (1949 Hockenhull, 1953) ; (iii) phenol (80 %, w/v).
No erythritol was present in the control mixture which was inactivated at the beginning of the experiment.
Ethylene glycol formation. Glycolaldehyde, L-malate and TPN were incubated with dialysed haemolymph, and the mixture was inactivated and concentrated as described in the section on glycerol formation. Samples of the supernatant were applied to filter paper for development in n-butanol-ethanol-water (4:1:5, by vol., upper phase; Hackman & Trikojus, 1952) . 'Marker' quantities (0.1 I,-mole) of ethylene glycol were applied close to the borders of the chromatogram. After development, the strips bearing the 'marker' were cut from the paper and were treated with the periodate-benzidine spray. Portions of the developed chromatogram were then eluted at the level of ethylene glycol as determined on the 'marker' strips and the polyhydric alcohol content of the eluate was measured colorimetrically. In a typical experiment in which glycolaldehyde (10 ,umoles), L-malate (30 umoles) and TPN (0-25Fmole) were incubated with dialysed haemolymph, tris buffer, pH 7*5 (20jumoles) and MgS04 (5 .moles) for 3 hr. at 300, 0-49ILmole of ethylene glycol was formed, none being detected in a control inactivated at the beginning of the experiment. Under similar incubation conditions DLglyceraldehyde (10.moles) formed 3-42 moles of glycerol.
Reveraibility
At pH 7-5 the equilibrium of the polyol dehydrogenase in silkworm haemolymph favours the complete reduction of added aldehydes, e.g. glyceraldehyde or glycolaldehyde, and it was not possible to demonstrate the oxidation of glycerol or ethylene glycol by incubating them with TPN and dialysed haemolymph. However, at pH 8-5 and at a high substrate concentration (M), several polyhydric alcohols reduce TPN. Of the compounds tested, 2:3-butanediol was most rapidly oxidized and propylene glycol and glycerol were oxidized at much lower rates. At the same concentration (M) no oxidation of ethylene glycol or sorbitol was observed.
Compari8on of the 'malic' enzyme and polyol dehydrogenace It has been established that silkworm haemolymph contains a TPN-linked malic dehydrogenase (Faulkner, 1956a) . It was therefore important to determine whether the oxidation of L-malate and polyhydric alcohols is catalysed by the same enzyme. Evidence that two enzymes are involved was obtained when the rates of oxidation of Lmalate and propylene glycol separately and in mixtures were compared. In a typical incubation experiment the basic medium contained tris buffer, pH 8-5 (16mM); MgSO4 (2 mm); TPN (0-2 mM); dialysed haemolymph, 0-5 ml. The total volume was 2-5 ml. The rate of oxidation of L-malate (8 mr) was 0-028 optical density (E) unit/min., and with propylene glycol (M) was 0-015 E unit/min. and with a mixture of substrates was 0-041 E unit/ min., which is almost the sum of the individual rates.
Factors affecting the reduction of ribose 5-pho8phate
and DL-glyceraldehyde in the haenwlymph The incubation conditions for studying the reduction of sugars and carbonyl compounds were the same as those used for reducing sugar phosphates (Faulkner, 1956b) . Experiments were carried out to, determine whether all these reductions are catalysed by the same enzyme. To this end, the rates of reduction of ribose 5-phosphate and DL-glyceraldehyde were compared under a number of experimental conditions, namely in mixtures of ribose 5-phosphate and DL-glyceraldehyde and in different protein fractions of the haemolymph. The effect of inhibitors on the reduction rates was also tested.
In a typical experiment with dialysed haemolymph, a mixture of DL-glyceraldehyde and ribose 5-phosphate (both 2 mM) was reduced at a rate of 0-0235 E unit/min., whereas the rate with DLglyceraldehyde alone was 0-023 E unit/min. and with ribose 5-phosphate was 0-024 E unit/min. At this concentration both substrates saturated the enzyme. If two enzymes were involved the reduction rate of the mixture should have approached the sum of the rates obtained with the compounds present individually. A similar result was obtained when the rate of reduction of a mixture of galactose 6-phosphate and DL-glyceraldehyde was measured.
Reduction rates of DL-glyceraldehyde and ribose 5-phosphate were compared in whole blood, in dialysed haemolymph and in three protein fractions obtained by treating whole blood with ammonium sulphate. The results of these measurements are given in Table 4 and they indicate that, irrespective of the treatment of the haemolymph, the ratio between the reduction rates of the sugars lies within the limits 0-93-1 16, although there was a fourfold difference in specific activity between two of the samples (I and II).
Further evidence that ribose 5-phosphate and DL-glyceraldehyde are reduced by the same enzyme is provided by the finding that the reduction of both substances is inhibited by ethylene glycol, propylene glycol and glycerol (Table 5 ). The observed inhibition of the rate of oxidation of TPNH is not due to the production of more TPNH by oxidation of the polyhydric alcohols, since at pH 7-5 no reaction takes place with TPN (see the Vol. 68 377 
DISCUSSION
Bacterial extracts that oxidize glycerol to dihydroxyacetone have been obtained from Acetobacter &uboxydan8 (Hauge, King & Cheldelin, 1955) , E8cherichia coli (Asnis & Brodie, 1953), P8eudo-monas 8alinaria (Baxter & Gibbons, 1954) , Bacillus 8ubtili8 (Wiame, Bourgeois & Lambion, 1954) and Aerobacter aerogene8 (Burton & Kaplan, 1953) . These enzymes require DPN as coenzyme and with each the equilibrium favours the oxidation of glycerol. However, liver extracts from rat or pig possess a DPN-linked glycerol dehydrogenase, the equilibrium of which favours the formation of glycerol from D-or L-glyceraldehyde (Wolf & Leuthardt, 1953; Leuthardt & Wolf, 1954) . The extract from liver also reduces acetaldehyde, and Holzer, Schneider & Lange (1955) have suggested that both reductions are catalysed by liver alcohol dehydrogenase.
The enzyme of silkworm haemolymph has its equilibrium in favour of glycerol synthesis and reduces D-glyceraldehyde at least 20 times as rapidly as dihydroxyacetone. It differs from the liver glycerol dehydrogenase in that it requires TPN as coenzyme and does not reduce acetaldehyde; it does, however, reduce a number of substances almost as readily as D-glyceraldehyde: e.g. D-erythrose is reduced to erythritol and glycolaldehyde yields ethylene glycol. The end products formed by the reduction of the other carbonyl compounds have not been identified, but, by analogy, one would expect the carbonyl group of these substances to be reduced to the corresponding carbinol.
The reduction of D-glucuronate and D-galacturonate in silkworm haemolymph is interesting in view of the recent finding that these compounds are also reduced by enzymes in rat liver (Publitz, Grollman & Lehninger, 1957) and in bacteria (Starr, DeLey & Kilgore, 1957) . The reaction is believed to be the first step in the conversion of D-glucuronate into L-ascorbate in animal tissues. The reduction of the uronic acids is interesting because of their structural similarity to the hexose phosphates, which are also reduced in the presence of TPNH and silkworm haemolymph (Faulkner, 1956b) at rates which are of the same order as for D-glyceraldehyde.
These specificity studies indicate that sugars having two to four carbon atoms are rapidly reduced and there is a considerable fall off in rate with the pentoses and no reduction of the unsubstituted hexoses. However, if the pentoses and hexoses are substituted in their terminal carbons by an acidic group they are reduced rapidly. From the results given in Table 2 it appears that carbonyl compounds are reduced if the adjacent carbon is unsaturated or is substituted with an hydroxyl group or is part of another carbonyl group.
The enzyme in haemolymph also differs in its properties from the DPN-linked polyol dehydrogenases of rat liver, Aerobacter 8uboxydan8, (Candida utili8 and P8eudomonas species, the substrate specificities of which have been extensively studied by McCorkindale & Edson (1954) , by Arcus & Edson (1956) and by Shaw (1956) . These enzymes oxidize hexitols and ribitols readily and attack erythritol-and glycerol slowly or not at all.
The evidence presented here indicates that sugar phosphates and the simpler carbonyl compounds are reduced by the same enzyme in the haemolymph, but the results have to be interpreted with caution until the fraction containing the reducing activity has been purified further.
The actual role that the polyol dehydrogenase of Bombyx mori tissues plays in the physiology of the insect will remain in doubt until more is learned of the chemical composition of the haemolymph and other tissues. The present studies have indicated the class of compound that may be reduced in the insect, but the 'natural' substrates are not yet known. It is significant that Wyatt & Kalf (1958) reported finding glycerol in the haemolymph of the giant silkworm (Platy8amia cecropia L.), and the possibility should now be considered that glycerol is formed in 8itU by reduction of glyceraldehyde in the haemolymph. However, these studies emphasize the fact that active dehydrogenases are present in the haemolymph and add weight to the suggestion that the 'malic' enzyme and other dehydrogenases of the haemolymph make an important contribution to the maintenance of the redox potential (Dennell, 1949; Faulkner, 1956a) . SUMMAFRY 1. Dialysed haemolymph of the silkworm, Bombyx mori L., contains a triphosphopyridine nicleotide-linked polyol dehydrogenase that reduces glycolaldehyde to ethylene glycol, DL- glyceraldehyde to glycerol and D-erythrose to erythritol. Among the other hydroxyaldehydes and carbonyl compounds reduced by the enzyme preparation are D-threose, glucuronic and galacturonic acids, ribose 5-phosphate, glyoxal, methylglyoxal and dimethylglyoxal. Hexoses and pentoses are not reduced and dihydroxyacetone is reduced at 5 % of the rate for D-glyceraldehyde.
2. The equilibrium of the reaction favours the reduction of the carbonyl compounds at pH 7-5; but the oxidation of butane-2:3-diol, propylene glycol and glycerol in the presence of triphosphopyridine nucleotide can be demonstrated at high substrate concentrations (M) at pH 8-5.
3. The enzyme oxidizing the glycols is distinct from the 'malic' enzyme of the haemolymph, but the reduction of glyceraldehyde and ribose 5-phosphate appears to be catalysed by the same protein fraction.
4. Polyol dehydrogenase has been detected in extracts of the fat body and the gut of larvae, and in extracts of whole pupae and adults.
